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ABSTRACT 
 
The re-passivation kinetics and composition of the passive film of CoCrMo alloys in simulated body fluids 
have been investigated, with key emphasis being to assess the effect that proteins have on these 
features. The kinetics were analyzed using potentiostatic polarization, applying a second order 
exponential decay to the current transients obtained, which consists of two phases: coverage and 
thickening. Repassivation occurred quickest in a phosphate environment with presence of bovine serum 
albumin (BSA) hindering the process as it inhibits access of the oxidant. By using X- ray photoelectron 
spectroscopy (XPS) the composition of the re-passivated layer was studied. As expected, the film is 
mainly composed of chromium (III) oxide with small amounts of cobalt (II) oxide and molybdenum oxides 
(IV-VI). When exposed to BSA the percentage of molybdenum in the passive film decreases. This is 
shown to be due to the protein having a high affinity for the element causing it to be lost to solution when 
the metal was exposed to corrosion. 
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INTRODUCTION 
 
Throughout the last century, orthopedic surgery has helped to improve the quality of life for millions of 
people around the world by restoring mobility and reliving pain [1]. Prosthetic joint replacement is one of 
the most successful and common treatments for people suffering from arthritis/rheumatism, due to great 
advancements in joint replacement technology over recent years in terms of investment, research and 
clinical trials [2]. For the majority of patients this occurs on the weight-bearing joints which are the knee 
and hip. According to statistics approximately 400,000 hip replacements are performed annually in the 
USA, with operations being carried out on people under 60 rising dramatically in the last decade alone 
[2].  
 
6LQFHWKH¶VPHWDO-on-metal (MoM) hip joints saw a drastic increase in use as the much used metal-
on-polymer (MoP) was proven to generate polyethylene wear particles which cause osteolysis i.e. 
destruction of bone tissue [1,3,4]. CoCrMo hip implants were chosen due to possessing excellent 
corrosion resistance and a postulated higher longevity which bodes well for the greater need of younger 
people requiring an implant [4]. Some MoM devices have lasted up to 25 years in-vivo with a wear rate 
even lower than that in a MoP device [1]. These have become extremely contentious in recent years due 
to clinical problems arising due to adverse effects, release of debris and metal ions from the device have 
meant that instances of CoCrMo for hip implantation has dropped to almost zero [2]. The metal ions that 
are released can enter the bloodstream where they are absorbed by erythrocytes allowing them to enter 
cells, remain in localized tissues or be transported throughout the body which can lead to genotoxicity 
and immunological effects [5].  
 
The focus of this research is to fully understand the surface/environment interactions that occur on 
CoCrMo alloys whilst in a protein-containing environment during repassivation, this alloy is used 
extensively within orthopedic implants. Electrochemical techniques have been utilized to measure 
corrosion rates alongside post-test assessment to assess mechanisms under a variety of simulated body 
fluids. Surface characterization techniques have been employed to analyze the surface chemistry 
throughout the formation/dissolution of the organic/metallic film.  
 
 
EXPERIMENTAL PROCEDURE 
 
Preparation of sample and electrolyte solutions  
 
The metal under investigation was CoCrMo (ASTM 1537-94), this was obtained in rods from which plates 
were cut to a thickness of 3 mm with a 6 mm diameter. The composition of the metal is shown in Table 
1 which are relative to ASTM standards. 
 
 
 
 
 
Table 1: Percentage composition of the CoCrMo alloy under investigation  
 
 
Before each experiment was conducted the metal sample was mechanically polished, washed with 
deionized water and dried using compressed air. The target surface roughness for each sample was Ra 
~10 nm which was achieved by wet grinding with grit SiC paper starting from a roughness of 120 and 
then moving up to 320, 600, 800 and 1200. These samples were then polished using diamond paste to 
achieve a mirror polish by use of diamond suspension of 9 micron followed by 3 micron. All polishing was 
undertaken on a Buehler Grinder-Polisher.  
 Co % Cr % Ni % Mo % C % Other 
CoCrMo 66 27 0.2 5.5 0.04 - 
  
 
The metal sample was placed in a custom designed sample holder which enabled us to undertake surface 
analysis on the sample, shown in the schematic diagram in Figure 1. The sample was held in place by 
use of a removable lid which also applied pressure on the sample so that a good electrical contact was 
achieved with a copper plate which was connected to a wire.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Sample holder specifications for electrochemical experiments 
 
 
 
The corrosion behavior of CoCrMo was evaluated using 0.9% NaCl and phosphate buffered saline (PBS) 
solutions with varying amounts of bovine serum albumin (BSA) ranging from 0 to 4 g/L. The 0.9% NaCl 
was chosen as this represents simple simulated bodily fluid with a comparable chloride ion level to that 
of the human body, PBS was used to observe the effect of phosphate ions on the metal, with increasing 
amounts of BSA being used to analyze if protein affects the corrosion mechanisms and resistance of the 
metal. The experiments were set to body temperature, 37°C. 
 
 
 
 
 
 
 
 
 
      Table 2: Composition of the PBS solution used  
 
 
Electrochemical Setup  
 
Electrochemical measurements were conducted using a computer controlled potentiostat (Princeton 
Applied Research potentiostat/galvanostat Model 263A))? three electrode electrochemical cell was used 
consisting of the CoCrMo working electrode (WE), reference electrode (RE) and a counter electrode 
(CE). The RE used was Ag-AgCl as it possesses a stable and well defined potential and the CE being 
made of platinum as it is an inert material. The samples were polarized at -1000 mVRE for 30 minutes 
before being shifted to a passive potential of +100 mVRE for another 30 minutes. The resultant currents 
were sampled at a rate of 100 Hz. These potentials were defined by carrying out potentiodynamic 
experiments on both the anodic and cathodic regions. Each test was repeated at least three times to 
make sure reliable results were obtained throughout. 
 
 
 
 
Compound Concentration (mmol/l) Concentration (g/l) 
NaCl 137 8.00 
KCl 2.70 0.20 
Na2HPO4 10.0 1.44 
KH2PO4 1.80 0.24 
Wire to potentiostat 
)?Trade name 
  
 
 
Surface Characterisation 
 
XPS measurements were performed using a Thermo Escalab 250 XPS)? with monochromated aluminium 
K-alpha X-ray source. The samples were mounted using carbon tape for analysis, so no movement of 
the sample would occur. The spot size of the sample was ȝPDWDSRZHURI150 W. Detailed spectra 
of individual peaks were obtained at energy of 20 eV using a step size of 0.1 eV, for a good signal:noise 
ratio. The number of scans taken for each element was optimized. The binding energy was calibrated by 
setting the carbon 1s peak to 285 eV and applied to all spectra of that particular set. Detailed spectra had 
a Shirley or linear background fitted to them depending on their baseline with the resultant peaks then 
being fitted and de-convoluted.  
 
 
RESULTS 
 
The re-passivation behavior of CoCrMo has been investigated by the use of current transient curves 
where the metal was cleaved of the oxide film by cathodic protection. Upon initial passivation the anodic 
current increased dramatically due to the anodic oxidation reaction occurring on the surface of the metal 
before decreasing as an oxide layer is formed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Comparison of the repassivation of CoCrMo under various conditions  
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In this study, the curve after the passive potential of +100 mVRE had been applied is closely described by 
a second order exponential decay curve. Sun [6] also found in his studies that a second order fit 
preferentially fits the data over a first order decay curve. The equation for this can be seen below: 
 
     ܫሺܶሻ ൌ  ܫଵ݁ሺି்ఛభ ሻ ൅ ܫଶ݁ሺି்ఛమ ሻ ൅ ܫଷ 
 
 
Equation 1:  The second order decay fit modelled to the experimental data [6,7]  
 
 
Where I(T) represents the evolution of the corrosion current with time, T is the time taken in seconds, I1 
and I2 are the maximum currents of the two exponential curvesĲ1 and Ĳ2  are the time constants that 
control each exponential decay and I3 is the current that remains when the effect of the two exponentials 
diminishes as time increases. This is a two model approach to account for the oxide film i) coverage and 
ii) thickness. The model then describes lateral growth across the surface and also increasing thickness 
of the film to its maximum capacity [6]. An example of the second order fit can be seen in Figure 3. It is 
observed that the first time constant (Ĳ1) is dominant as this is where the current drops rapidly towards 
the passivation current. After that the current approaches passivation level drastically slower which is the 
second time constant (Ĳ2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Example of the second order decay fit for repassivated CoCrMo in PBS 
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Model ExpDecay2
Equation
y = y0 + A1*exp(-(x-x0)/t1) + A2*
exp(-(x-x0)/t2)
Plot Current
y0 9.33173E-6 ± 7.22474E-8
x0 -15.83332 ± --
A1 7.28627E10 ± --
t1 0.51928 ± 0.00618
A2 1.28747E-4 ± --
t2 51.96323 ± 0.67497
Reduced Chi-Sqr 1.41487E-11
R-Square(COD) 0.96592
Adj. R-Square 0.96586
  
The values from the exponential fits for Ĳ1 and Ĳ2 can be seen in Figure 4. From the data it can be seen 
that the passive film forms quickest in a PBS environment, with the presence of BSA delaying the re-
passivation as the protein inhibits access of the oxidant due to its size. The more BSA is present the 
more the oxidant is inhibited. By looking at the values of Ĳ2 it is seen that the thickening of the oxide film 
occurs quickest in the absence of PBS, with presence of BSA also slowing down this rate. This is also 
down to the inhibition of the oxidant which causes a slow growth of the film to its maximum state. As 
expected the final current is lowest in a PBS environment as it acts as a barrier to corrosion when it 
adsorbs onto the surface thus lowering the current density.  
 
 
 
 
 
Figure 4:  Shows the values of Ĳ1 and Ĳ2 obtained from the repassivation data of CoCrMo 
 
 
The peak currents observed when the alloy was subjected to corrosion can be seen in Table 3. Peak 
currents are observed as when the alloy is exposed, metal elements such as chromium are either 
oxidized by the environment and lost to solution or react with oxygen to reform the oxide layer [7] .This 
ionic dissolution produces free electrons, which are detected as current transients, both the dissolution 
and passivation reactions are depicted in Equation 2. 
 
Lower peak currents are observed in the presence of phosphates as they adsorb onto the exposed metal 
surface hindering corrosion, with the BSA causing the peak current to rise as it competes to adsorb onto 
the surface of the metal with the phosphates [8]. Saline and BSA environments cause the most corrosion 
to the metal per repassivation stage.  
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            Table 3:  Shows the peak currents observed from the repassivation data of CoCrMo  
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Equation 2:  Shows the dissolution and passivation pathways for Chromium  
 
 
XPS of the metal samples was conducted after the electrochemical tests to investigate the composition 
of the passive film formed. Analysis of the surface revealed the following elements: carbon (C 1s), 
nitrogen (N 1s), oxygen (O 1s), chromium (Cr 2p), cobalt (Co 2p), molybdenum (Mo 3d). The presence 
of phosphorus (P 2p) was only detected in the PBS solution samples and traces of sulfur (S 2p) in the 
presence of BSA. An example of a survey scan for CoCrMo from a PBS solution is shown in Figure 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: A typical survey scan of CoCrMo from a PBS solution 
 
 Peak Current (mA/Cm-2) 
Saline 1.41 ± 0.19 
PBS 1.13 ± 0.10 
PBS + 0.5gl-1 BSA 1.45 ± 0.06 
PBS + 2.0gl-1 BSA 1.50 ± 0.12 
PBS + 4.0gl-1 BSA 1.55 ± 0.15 
Saline + 4.0gl-1 BSA 1.82 ± 0.09 
  
 
 
The atomic concentration ratio of the metal elements in the alloy Co, Cr and Mo in the oxide state of the 
passive film, determined by deconvolution of the spectra obtained is shown in Figure 6. 
 
 
 
Figure 6: Percentage composition of metal elements in passive film from a variety of solutions  
 
 
From the data in Figure 6 it can be seen that that the conditions under which the passive film is formed 
drastically affects the metal composition within the film as expected. Cobalt is the main constituent of the 
alloy (~66%) but its presence in the film is highly diminished when the passive layer is formed in saline 
conditions with the presence of phosphate and albumin lowering it further in comparison to an oxide 
formed in air. Milosev and Strenblow [9] found that the concentration typically lies around 25% in a 
passive layer, which is slightly higher than was found in the repassivated layer. The chromium is mainly 
present as Cr(III) oxide and hydroxide, with albumin the ratio of both Crmetal/oxide and Crmetal/hydroxide increase. 
Chromium exists in high quantities within the passive film as it has the lowest standard reduction potential 
out of the three metals and the most favorable metal to be oxidized. In the presence of phosphates the 
molybdenum content increases within the film but as albumin is added it actually decreases, this is due 
to the high affinity of the albumin for molybdenum which extracts the molybdenum into the bulk solution 
thus lowering its concentration in the film. This affinity could be attributed to increased electrostatic 
interactions between the monomeric molybdate anion (MoO4-2) and the protein which it complexes in 
preference over the other metal ions present [10]. 
 
CONCLUSIONS 
 
From the experiments carried out it can be seen that the environment in which repassivation occurs has 
a drastic effect on the rate of repassivation and also the composition of the film. The repassivaiton rate 
occurs quickest in a phosphate containing environment whilst if BSA is added the rate slowly decreases 
as oxidant is inhibited due to the size of the protein. The presence of BSA also causes the level of 
molybdenum in the passive film to decrease as the protein possesses high affinity for the element causing 
it to be lost to solution when the metal was exposed to corrosion. 
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